A relativistic mean field parameter set is constructed aiming to describe the energy density of nuclear matter derived in Dirac-Brueckner-Hartree-Fock theory and the properties of finite nuclei as well. We place the emphasis on the role of the new meson self-interactions and couplings that arise in the framework of the energy density expansion consistent with effective field theory recently suggested in the literature. We compare our calculations with other relativistic nuclear force parameters and study various nuclear phenomena. The results of the new parametrization agree well with the experimental data.
Introduction
One of the most challenging problems in nuclear physics is the description of finite nuclei starting from first principles. The bare nucleon-nucleon (NN) force has to be specified and then applied to finite nuclei calculations. This is a very complicated many-body problem which requires several simplifications to be affordable. The understanding of the bare NN interaction has been a current subject of study almost since the beginning of nuclear physics [1] . The last generation of modern potentials, like the Bonn [1] or Nijmegen [2] potential, based on meson-exchange models give a very accurate description of the deuteron properties and NN scattering up to laboratory energies around 300 MeV.
These NN forces are also applied to study nuclear matter where rather complicated manybody techniques must be used. The non-relativistic Brueckner-Goldstone calculations based on realistic NN potentials are not able to give, at the same time, the right saturation density and binding energy of nuclear matter (Coester line) [3] . To obtain the correct values, an additional repulsive part has to be added. This additional density-dependent term, although described some times as a relativistic effect, can at least partially be understood in terms of three and many-body forces [4] .
The agreement between empirical and calculated data in nuclear matter is considerably improved by working in the relativistic framework. The extension of the two-nucleon problem to nuclear matter in the relativistic domain is done using the so-called Dirac-BruecknerHartree-Fock (DBHF) theory [5, 6, 7, 8, 9] that goes beyond mean field incorporating two-body correlations. The DBHF calculations show two essential features. On the one hand, the rather small effect of the two-body correlations on the large mean field scalar and vector self-energies. On the other hand, the momentum dependence of the scalar and time-like selfenergies is small and they can be considered to be almost constant for occupied states in the Fermi sea. The DBHF calculations introduce an extra density dependence, not included in the non-relativistic Brueckner-Goldstone approach, that allows to fit simultaneously the NN phase shifts and the nuclear matter equilibrium point [1, 7] .
All these properties of the DBHF calculations in nuclear matter suggest the possibility of fitting the scalar and time-like DBHF self-energies as well as the binding energy in nuclear matter by a much simpler relativistic mean field approach. One can expect that the fitted parameters will retain to some extent the effect of the two-body correlations. This strategy was carried out in the past using the non-linear σ − ω model with scalar [10] and vector self-interactions [11] and was applied to finite nuclei calculations. Another possible way to perform finite nuclei calculations starting from DBHF results in nuclear matter consists of using a linear σ−ω Lagrangian where the scalar and vector coupling constants are, actually, functions of the nuclear density ρ [12] . Following Refs. [11] and [13] , Sugahara and Toki [14] utilised the quartic vector selfcoupling to improve the relativistic force parameters. They constructed two parameter sets, TM1 and TM2, for finite nuclei. The TM2 parameter set was designed for atomic number Z ≤ 20 and the TM1 set for larger charge number. They also calculated the equation of state as well as the structure of neutron star and supernovae using the TM1 parameter set [14, 15] . TM1 gave good results for several finite nuclei properties and showed a better agreement with the DBHF calculations for nuclear matter made with the Bonn-A potential [16] than the conventional non-linear σ − ω parametrizations (such as NL1 [17] or NL-SH [18] ) because of the vector self-interaction.
The recent description of quantum hadrodynamics (QHD) [19] as an effective field theory which includes new scalar-vector interactions plus tensor couplings of the ω and ρ mesons to the nucleon [4, 20, 21] , motivates us to repeat the analysis on the basis of DBHF calculations with the new effective Lagrangian. Our aim is to study the importance of the additional couplings and to evaluate whether they contribute to improve already established parametrizations such as TM1 [14] . Particularly, TM1 offers a very good starting point due to its predictive power for nuclear matter and finite nuclei properties. We will base our analysis in investigating whether the TM1 parameter set completed with the new couplings can produce better results for both nuclear matter and finite nuclei. In the next section we will detail our strategy. It is worthwhile to mention that the NL-RA parameter set of Ref. [10] and the parametrizations by Gmuca [11] do not properly reproduce the known properties of finite nuclei.
It should be pointed out that the new extended Lagrangians also contain σ − ρ meson interactions, as well as terms with gradients of the scalar and vector fields. Of course, the coupling constants associated to these interactions cannot be obtained from a DBHF calculation in symmetric nuclear matter. We will adjust these coupling constants, related with the finite size and asymmetry of nuclei, to reproduce several properties of some selected doubly magic nuclei.
Although the mean field approach in its simplest (Hartree) version that we use here does not contain exchange terms or the contributions of antiparticles to the sources of the mesonic fields, it is expected that these effects as well as the contributions from two-body correlations will be included in a phenomenological way in the meson masses and coupling constants of the effective Lagrangian [22] .
The paper is organized as follows. The next section is devoted to a summary of the mean field equations and to fit some of the parameters of the effective Lagrangian to the nuclear matter DBHF data [16] . We compare our results with the predictions of other parametrizations available in literature. In the third section the remaining parameters of the effective Lagrangian are obtained by imposing that our mean field approach reproduces the experimental data for some selected nuclei. We compare the results obtained with the new parameter set for magic nuclei. The BCS type pairing correlation is added in Section 4 to study the properties of even-even finite nuclei beyond the closed shell. The new parameter set is used to study some nuclear structure phenomena, like the isotopic/isotonic energy differences, the isotopic change in the charge radius and nuclei near the drip lines.
Finally, the summary and concluding remarks are given in Section 5.
2 The mean field approach: nuclear matter description QHD has been widely used in the relativistic treatment of nuclear systems during recent years. The simple σ−ω model of Walecka [19] and its non-linear extensions with cubic and quartic self-interactions of the scalar meson field [23] have been usually preferred to this end.
The model contains Dirac nucleons together with neutral scalar and vector mesons, as well as isovector-vector ρ mesons. It is able to reproduce nuclear matter and finite nuclei data [14, 22, 17] with a quality comparable to the one found in non-relativistic nuclear structure calculations with effective Skyrme [24] or Gogny [25] forces. The success of this model lies on the fact that at the mean field (Hartree) level it already contains the spin-orbit force, the finite range and the density dependence which are essential ingredients of the nuclear force.
Recently, this model has been generalized by including other non-linear interactions among the meson fields and tensor couplings on the basis of effective field theories [4, 20, 21] .
The effective theory contains all the non-renormalizable couplings consistent with the underlying symmetries of QCD. Therefore, one has to deal with an effective Lagrangian with an infinite number of terms and, thus, it is imperative to develop a suitable truncation scheme.
In the nuclear many-body problem, the scalar (Φ) and vector (W ) meson fields are small as compared with the nucleon mass, at least for densities around saturation. On the other hand, the meson fields vary slowly in finite nuclei. This means that the ratios Φ/M, W/M, |∇Φ|/M 2 and |∇W |/M 2 are the useful expansion parameters in the nuclear effective theory [4, 20, 21, 26] . The concept of naturalness [21] , i.e., that all the coupling constants written in an appropriate dimensionless form should be of order unity, is used to avoid ambiguities in the development.
Following Ref. [20] , the meson field equations can be derived from an energy density functional containing Dirac baryons and classical scalar and vector mesons. Although this energy functional can be obtained from the effective Lagrangian in the Hartree approximation [4, 21] , it can also be considered as an expansion in terms of ratios of the meson fields and their gradients to the nucleon mass of a general energy density functional that contains the contributions of correlations within the spirit of density functional theory.
According to Refs. [4, 20, 21] this energy density functional for finite nuclei can be written as 5) where the baryon, scalar, isovector, proton and tensor densities are
In the context of density functional theory it is possible to parametrize the exchange and correlation effects through local potentials (Kohn-Sham potentials), as long as those contributions be small enough that can be considered as minor perturbations to the potentials [27] . As it is known, this is the case with the local meson fields. Clearly, the Hartree values are the ones that control the dynamics in the relativistic DBHF calculations. Therefore, we can also interpret the meson fields as Kohn-Sham potentials. Equations (2.2)-(2.5) thus correspond to the Kohn-Sham equations in the relativistic case [28] . In this sense they include effects beyond the Hartree approach through the non-linear couplings [20, 21] . In particular, the vector meson quartic self-interaction (ζ 0 ) was introduced by Bodmer [13] . It allows one to avoid the negative sign in the quartic self-interaction (κ 4 ) which appears in many non-linear σ−ω parametrizations that correctly reproduce finite nuclei, though they can lead to a pathological behaviour of the scalar potential in some special situations. On the other hand, the equation of state is softened at moderate high densities when the vector non-linearity is taken into account. This effect has been used by Gmuca [11] for fitting DBHF results in nuclear matter. An excellent starting point for the study of the effects of the new terms in the extended effective Lagrangians, as mentioned in the Introduction, is the TM1 parametrization [14] . First, because TM1 reproduces the DBHF calculations with the Bonn-A potential with a very good agreement for low and moderate nuclear densities.
And second, because it provides good results when applied to the calculation of finite nuclei properties, even far away from the β−stability line.
Thus, it seems a natural choice to fix the saturation properties of TM1 and to introduce on top of them the new mixed scalar-vector non-linear couplings η 1 and η 2 . This way we can make sure, broadly speaking, that we have the same behaviour of the equation of state around the saturation point as with TM1. It is important to note that the introduction of the couplings η 1 and η 2 cannot be done with complete freedom because we have fixed the saturation properties. This is translated into a modification of the other coupling constants which, eventually, can move to non-natural values. A more extended discussion of this effect can be found in Ref. [26] . To keep all the coupling constants within natural values, η 1 and η 2 should lie in a narrow region around unity. We find that η 1 = 2 and η 2 = 1 is a good choice, because it provides a good reproduction of the DBHF results keeping the coupling constants in the natural region. We must point out that we are not trying to find a strictly best new fit. As it can be seen from semi-infinite nuclear matter calculations [26] , the fine tuning for finite nuclei calculations can be done with all the other couplings which average to zero in nuclear matter. The values of the coupling constants entering the mean field nuclear matter calculation along with the saturation properties are collected in Table 1 . From this table we can see that κ 4 is positive and that all the coupling constants are natural. The value of κ 4 is somehow high but still acceptable. We have denoted this set of parameters as TM1*. Figure 1 displays the scalar U s and vector U v potentials as a function of the nuclear matter density calculated with TM1*, TM1 (that only contains quartic vector self-interactions) and with the generalized sets G1 and G2 of Ref. [21] , in comparison with the DBHF result. Figure 2 shows the DBHF equation of state compared with its mean field approach calculated in the same cases as in Figure 1 . From these figures it is clear that the cubic and quartic self-interactions play a crucial role in the fit of the DBHF results at high density.
By construction, TM1* gives at the saturation density the same nuclear matter properties as TM1. However, due to the presence of the mixed meson-meson interactions η 1 and η 2 , the DBHF results are better reproduced by TM1* than by TM1, for moderate and high densities. The nuclear matter results of the G1 and G2 sets (that were obtained by fitting twenty-nine finite nuclei observables) [4, 21] 
Finite nuclei description
In finite nuclei the contributions from the couplings α 1 and α 2 between the scalar field and the gradients of the vector and scalar fields, as well as the tensor couplings f v and f ρ of the ω and ρ mesons to the nucleon, do not cancel. Therefore, we have in principle four new parameters for adjusting finite nuclei properties, plus the scalar mass m s . In the same spirit in which we are building the TM1* parameter set, we will fix m s to the same value as in TM1. It is the best way to do not mask the influence of the terms that we want to study.
Similarly, for finite nuclei the constants g v , g s and g ρ are independent from the masses of the ω, σ and ρ mesons. To be consistent with our strategy we choose the masses m v , m s and m ρ to be equal to the ones of Ref. [14] for TM1: 783 MeV, 511.198 MeV and 770 MeV respectively (the nucleon mass is M = 938 MeV).
Starting from Eq. (2.1) the variation with respect to ϕ † α gives the Dirac equation
If spherical symmetry is assumed, the spinor corresponding to a level α is characterized by the single-particle angular momentum quantum numbers j α and m α , the parity Π α and the isospin t α = ± 1 2 [19, 22] :
where Y jαlαmα (θ, ϕ, s) are the generalized spherical harmonics, χ tα is an isospinor and
for Π = (−1)
This way, the Dirac equation (3.1) splits in two coupled first-order differential equations:
where
Instead of using a harmonic oscillator basis for solving Eqs. (3.4) and (3.5) [22] , we have transformed them into a Schrödinger-like equation by eliminating the small component g α (r). The equation is solved by using a standard code for non-relativistic Skyrme-HartreeFock calculations [24] . To take into account the center-of-mass correction, we use a harmonic oscillator estimate which gives a simplified correction [22] :
First, we obtain the coupling constants α 1 , α 2 and f v by imposing that the total energy, the charge radii and the 1p and 1d splittings of the 16 O and 40 Ca nuclei be as close as possible to the experimental values. In a second step, and using these α 1 and α 2 values, we fix η ρ and f ρ in such a way that the energies of 48 Ca and 208 Pb be the experimental ones.
Nevertheless, the tensor coupling f ρ happens to be useless in this fitting. Its contribution, as previously reported [26, 29] , is negligible in the natural region of values of f ρ and thus we have set f ρ = 0 for TM1*. This is not the case for the coupling η ρ , whose influence is noticeable [26] . Although this scheme should allow to obtain α 1 , α 2 , f v , η ρ and g ρ , the additional constraint of naturaleness imposes some limitations on the values of these coupling constants. The values which allow one to obtain a fit of the energies within ∼ 0.8 % in error and the splittings of 16 O, 40 Ca and 208 Pb with a similar quality to the one obtained using the G1 and G2 parametrizations [4, 21] are reported in Table 1 .
As a first test of the TM1* parametrization we have calculated in semi-infinite nuclear matter the surface energy coefficient E s and the surface thickness t of the density profile (standard 90%-10% fall-off distance of the nuclear density). The results are shown in Table 2 .
The surface energy obtained with the TM1* parameter set lies within the region of empirical values, whereas the surface thickness t is slightly small [26, 30] .
The energies and charge radii r ch = r 2 p + 0.64 (in fm) [22] of the magic nuclei 16 O, 40 Ca, 48 Ca and 208 Pb used in the fit of the coupling constants are displayed in Table 2 , together with the experimental values and those of TM1. We also show the results obtained with the NL-SH parameter set [18] that is chosen as a representative of the usual non-linear σ−ω parametrizations. Note that the κ 4 term of NL-SH bears a negative sign. We furthermore compare our results with the G1 and G2 parameter sets of Ref. [21] . In order to check the ability of the TM1* parametrization for describing nuclei far from the stability line, we have calculated the energy and charge radius of some drip-line nuclei, namely 56 Ni, 78 Ni, 100 Sn and 132 Sn. From Table 2 one can notice that all the forces produce similar results for finite nuclei. For example, the energy per particle is slightly overestimated by the TM1 set, while all the other parameter sets present similar results between each other. Similarly, the charge radius is quite close to the experimental data in all the parameter sets considered here. For light nuclei with Z ≤ 20, we compared the binding energy given by the TM1* parametrization with the one of TM2 (as it is designed for Z ≤ 20) and with the NL-SH result. TM1* produces similar values to the NL-SH parameter set, while the prediction of the TM2 parametrization is slightly better than with TM1*.
The calculated results on the total energies, single-particle energies and charge radii for 16 O and 40 Ca are tabulated in Table 3 . For comparison, results of the relativistic density dependent Dirac-Hartree (RDDH) approach of Brockmann and Machleidt [12] are also shown.
It is interesting to find that the results with the TM1* parameter set are very close to the experimental data. The improvements as compared to RDDH are remarkable. We have adjusted the total energy E almost perfectly. For example, the energies for 16 O and 40 Ca are 128.8 and 342.8 MeV, respectively, with the TM1* parameter set, whereas they are 120 and 320 MeV in the RDDH calculations, (the experimental values are 127.7 and 340 MeV).
Similarly, the charge radius with TM1* is closer to the data than in the RDDH calculations.
The single-particle energies of neutrons and protons are compared with the experimental data in Figure 3 for the 208 Pb nucleus with the TM1, NL-SH and TM1* parameter sets. From this figure one can see that all these parametrizations qualitatively describe the experimental values. Although the nuclear matter properties are equal in TM1 and TM1*, the spectra is slightly different mainly due to the tensor coupling f v in TM1* which is known to have a noticeable influence in the spin-orbit potential [4, 20, 26, 31] . We also have calculated density distributions with TM1 and TM1* for 40 Ca and 208 Pb and have found very similar results with both parameter sets.
4 Application to some nuclear structure phenomena:
even-even nuclei beyond closed shells Using Eqs. (3.4) and (3.5) we can only calculate closed shell nuclei. In order to describe even-even nuclei with open shells, we introduce the pairing correlation in the BCS approximation with a constant gap ∆, as in earlier calculations [14, 22] . With this approach the densities (2.6)-(2.11) are replaced by sums weighted over the occupation probability
where λ is the chemical potential for neutrons or protons determined by imposing the
This schematic pairing contributes to the energy a quantity
In the constant gap approach the pairing energy diverges if the sum in (4.3) is extended over an infinite configuration space [22] . To avoid this, we restrict the number of active shells to the occupied shells contained in a major harmonic oscillator shell above and below of the last closed shell.
The constant gap ∆ is adjusted to reproduce as well as possible the isotopic energy difference [33] [14, 17, 22] .
In the following subsections, we shall compare our results obtained with the TM1* parameter set with the result of different relativistic parametrizations and also with the experimental observations: we shall study isotopic and isotonic energy differences, isotopic shifts in charge radii and two-neutron and two-proton separation energies near and away from the β−stability line.
Isotopic and isotonic energy differences
The isotopic energy differences △E for several Sn and Pb isotopes calculated with TM1*, 
Isotopic change in charge radius
Now we come to the result of the isotopic change in the charge radius. In the past years the isotopic shifts in charge radii have been studied for the isotopic chain of Pb nuclei [33, 34, 35] using various techniques. The standard non-relativistic forces (zero range or finite range forces) are not able to reproduce the experimentally observed kink in the isotopic shifts about 208 Pb. It has been shown [34] that the calculated shifts are very sensitive to the choice of the pairing interaction. The relativistic mean field calculations [35] are able to reproduce the data by changing some input parameters. As nuclear radii are sensitive to ground-state correlations [36] , it may be a solution to use the effective character of the interaction to slightly modify some of its parameters to improve the calculations. Here, we have calculated the Pb isotopic shifts with the TM1* parameter set. In Figure 5 the result is compared with the prediction of the TM1 and NL-SH parameter sets, and also with the experimental data. All the parameter sets yields qualitatively similar results and reproduce the experimentally observed kink reasonably well.
Two-neutron and two-proton separation energies
During the last decade there have been speculations about the neutron [37] and proton [38, 39, 40] halos in neutron-rich and proton-rich light nuclei. Actually, the nuclei considered for the candidature of a halo system are Li, Be and B nuclei, which have considerably smaller charge numbers than the nuclei we are considering here. For the larger neutron/proton numbers the formation of neutron/proton skins is rather more important. The quantity that plays a crucial role in the formation of a neutron/proton skin near the neutron-/proton-drip line is the two-neutron/proton separation energy. From the calculated energies we evaluated the two-neutron S 2n and two-proton S 2p energies using the relations [32] 
respectively.
The S 2n values for the illustrative cases of Z = 20 and 82 as well as the S 2p value for N = 82 with the TM1*, NL-SH and TM1 sets are presented in Figures 6a, 6b and 6c, respectively. The experimental data are also given for comparisons. It is clear that the S 2n and S 2p values obtained from the TM1* parameter set agree well with the experimental observation and also with the predictions of TM1 and NL-SH (except for a slight discrepancy for some specific cases). On the whole, the TM1* parameter set reproduces quite well the experimental observations for the S 2n and S 2p energies. Here, all the parameter sets predict nearly similar results, agreeing quite well with the experimental data. The S 2n
value decreases with an increase of the neutron number and it vanishes at the neutron-drip line. Similarly, the S 2p value decreases with increasing proton number as it reaches the proton-drip line.
Summary and conclusions
In summary, we have explored whether the TM1 parameter set [14] can be improved (i.e., for nuclear matter without spoiling the predictive capability for finite nuclei) by adding new couplings that stem from the modern effective field theory approach to relativistic nuclear phenomenology. We have called this new parameter set TM1*. In fitting the DBHF results, TM1* shows a significant improvement over the TM1 parameter set, which only contains the quartic vector self-interaction, due to the addition of the η 1 and η 2 couplings. The latter couplings are very important to bring the vector and scalar potentials closer towards the DBHF calculations for high densities.
After getting the parameters for nuclear matter, then we have searched for a better parametrization by calculating finite nuclei systems. To this end we have introduced the f v , α 1 , α 2 , η ρ and f ρ parameters on top of the TM1* set that describes nuclear matter (i.e., the TM1 set plus η 1 and η 2 ). The new parameters have a minor influence on the properties of finite nuclei. However, they allow the full TM1* parametrization to improve the agreement of the energies and charge radii with respect to the experimental values for double closed shell nuclei as compared with the starting TM1 parameter set. It is also important to mention that from a formal point of view the set TM1* is more satisfactory than the set TM1, because it includes the relevant couplings in the energy density expansion consistent with effective field theory developed in Refs. [4, 21] . It is to be kept in mind that the TM1 parameter set was devised for nuclei with Z > 20, whereas our TM1* is a single parametrization for the whole atomic chart.
To extend the study for even-even nuclei apart from magic systems, we have included the BCS-type pairing correlation in a constant gap approach. After adjusting the gap parameter for TM1*, we have calculated two-neutron and two-proton separation energies, isotopic energy differences and isotopic changes in charge radii. These properties are explained reasonably well by the new TM1* parameter set, with a quality similar to the one found with the most successful parametrizations. [16] and with the relativistic mean field parametrizations TM1*, TM1 [14] , G1 and G2 [21] . Figure 6c
